INTRODUCTION
============

Crimean-Congo hemorrhagic fever virus (CCHFV) is an enveloped virus in the *Nairoviridae* family \[for a review, see ([@R1], [@R2])\] that is spread in nature by ticks, primarily those of the genus *Hyalomma*. CCHFV infects a large number of wild and domesticated mammalian species, including bovines and ovines, in addition to some avian species such as ostriches. Infections in these animals are predominantly asymptomatic but can produce a prolonged (\>5 days) viremia ([@R3], [@R4]). CCHFV infection in humans, caused by tick bites, exposure to infected animals, or nosocomial infections, can lead to an acute and potentially life-threatening disease termed Crimean-Congo hemorrhagic fever (CCHF) ([@R1], [@R5]). Infection is characterized as a febrile illness with varying degrees of coagulopathy, liver injury, neurological manifestations, respiratory distress, lymphocytopenia, and thrombocytopenia ([@R2]). The mortality rate ranges from 3 to 80%, and this large range is theorized to depend on multiple factors including viral strain, route of exposure, speed of diagnosis, and access to emergency health care. There are currently no U.S. Food and Drug Administration--approved drugs to treat CCHF, although there is conflicting evidence that ribavirin protects against lethal human disease ([@R6], [@R7]).

Passive antibody protection has been used in humans to protect against several hemorrhagic fever viruses, including New World arenaviruses and filoviruses ([@R8], [@R9]). Antibody-based therapies composed of human survivor plasma have been used to treat CCHFV-infected humans since the mid-20th century ([@R10]--[@R12]). CCHF-bulin and CCHF-venin, both produced from plasma of convalescent patients, have been used in Bulgaria ([@R12]). These products are delivered intramuscularly or intravenously, respectively. While some evidence suggests that these products can protect against CCHFV, thus far, only a limited number of people have been treated, and controls have not been used to verify the results. Human convalescent serum was used in Dubai during a small nosocomial outbreak, and the five patients receiving the product survived, but two other patients were left untreated and succumbed to disease. These data suggest that antibody therapies can protect against lethality ([@R11]). However, other studies have indicated that antibody therapy offers little protective efficacy ([@R10]). In general, passive immunotherapy against CCHFV in humans has produced mixed results, with some studies demonstrating protective efficacy and others suggesting that it is not protective. A major issue is the lack of statistical evidence that these therapeutic options are efficacious due to the limited number of cases where patients were treated. Overall, use of convalescent plasma, serum, or purified antibodies has been essentially abandoned because of safety issues regarding human convalescent products and the poorly defined nature of the products.

CCHFV has a tripartite, negative-sense RNA genome consisting of small (S), medium (M), and large (L) segments. The S segment encodes the nucleocapsid (N) protein, and the L segment encodes the RNA-dependent RNA polymerase. The CCHFV glycoproteins encoded by the M segment are expressed as a precursor polyprotein that is proteolytically cleaved along the secretory pathway and eventually produces the two major structural glycoproteins G~N~ and G~C~, the latter being the only known target of neutralization ([@R13]--[@R15]). Before the production of the mature proteins, proteolytic processing generates two intermediate molecules termed pre-G~N~ and pre-G~C~. Pre-G~N~ is further processed by proteases to generate G~N~ and several secreted proteins of unknown function (GP160, GP85, and GP38) and an uncharacterized mucin-like domain ([@R13]--[@R17]). A panel of murine monoclonal antibodies (mAbs) was produced against the CCHFV strain IbAr 10200, and several of these antibodies target the pre-G~N~ complex or the G~C~ protein. Many of the antibodies targeting G~C~ have neutralizing activity ([@R18]). Bertolotti-Ciarlet *et al.* ([@R18]) demonstrated that both the non-neutralizing and neutralizing mAbs protect neonatal mice from lethality. Unfortunately, neonatal mice do not recapitulate CCHF disease, making interpretation of these results difficult. The protective efficacy of glycoprotein-targeting mAbs has never been evaluated in adult animals. Here, we investigated the protective efficacy of these murine mAbs in two relevant adult mouse models of CCHFV infection that more closely recapitulate human viral disease, interferon receptor knockout (KO) mice (IFNAR^−/−^), and mice in which IFN-I activity was blocked by antibody treatment ([@R19]--[@R21]). We show that only non-neutralizing antibodies (nNAbs) protected adult mice from CCHFV and that these non-neutralizing mAbs universally targeted the GP38 protein. Our findings demonstrate that antibodies can protect against lethal CCHFV infection in mature animals and provide a basis for further antibody-based CCHFV countermeasure development.

RESULTS
=======

Immunoprotection against lethal CCHFV infection in IFNAR-deficient mice
-----------------------------------------------------------------------

We investigated whether non-neutralizing and neutralizing murine mAbs reported to target CCHFV pre-G~N~ or G~C~, respectively ([@R18]), protected adult IFNAR^−/−^ mice from lethal infection. We injected groups of mice (*n* = 10 per group) by the intraperitoneal route with 1 mg of total concentration of the indicated anti-CCHFV antibodies or phosphate-buffered saline (PBS) as a control, 1 day before virus exposure ([Fig. 1A](#F1){ref-type="fig"}). Subsequently, mice were infected with 100 plaque forming units (PFU) of CCHFV strain IbAr 10200, and weight and survival was monitored for 24 days. On day 3, negative control mice began to lose weight, and all mice succumbed to infection by day 5. In contrast, mice treated with mAb-13G8 had less weight loss that was delayed compared to PBS-treated mice. In this group, 6 of 10 mice survived, and the mean time to death (MTD) was significantly delayed compared to the control group (log rank, *P* \< 0.0001). The neutralizing antibody mAb-8A1, which targets G~C~ and robustly neutralizes virus in vitro ([@R18]), did not provide significant protection (log rank, *P* = 0.6004). A combination of mAb-13G8 and mAb-8A1, 0.5 mg of each antibody, provided modest protection as measured by delayed weight loss and a significant delay in the MTD (log rank, *P* \< 0.0001). However, in this group, only a single mouse survived to day 24.

![mAb-13G8 protects against lethal disease in IFNAR^−/−^mice.\
(**A**) IFNAR^−/−^ mice (*n* = 10 per group) were infected with CCHFV strain IbAr 10200 by the subcutaneous route. Mice were injected with mAb-13G8, mAb-8A1, or a combination of the two on day −1 (1 mg of total mAb concentration) by the intraperitoneal route. As a control, mice were treated with PBS. Survival and percent group weight change were recorded. Log-rank test, \*\*\*\**P* \< 0.0001. (**B**) IFNAR^−/−^ mice (*n* = 10 per group) were infected with virus as in (A). Mice were treated with two doses of the mAb-13G8 (1 mg per dose) or PBS on days −1/+3, +1/+4, or + 2/+5, and survival and weight were monitored. Log-rank test, \*\*\*\**P* \< 0.0001, \*\**P* = 0.0030. (**C**) IFNAR^−/−^ mice (*n* = 10 per group) were infected as in (A). Mice were treated with two doses of mAb-13G8, mAb-11E7, or a combination of both (1 mg of total mAb concentration per dose), and survival and weight were monitored. A nonspecific murine antibody was used as a control. Log-rank test, \*\*\*\**P* \< 0.0001. (**D**) Hematoxylin and eosin staining of the livers and spleens from mice infected with CCHFV strain IbAr 10200 and treated with mAb-13G8 or an isotype control antibody. Uninfected mice treated with mAb-13G8 serve as a negative control. (**E**) In situ hybridization (ISH) staining showing the presence of CCHFV RNA (red) in the liver and spleen of mice taken on day 4 after virus exposure. Cells were counterstained with hematoxylin.](aaw9535-F1){#F1}

We next determined whether treating mice with multiple doses of mAb-13G8 would increase the protective efficacy. In addition, we examined whether mAb-13G8 could protect mice when treatment was initiated after virus exposure. In this experiment, we treated mice (*n* = 10 per group) twice with mAb-13G8 either on days −1 and +3, days +1 and +4, or days +2 and +5 relative to infection ([Fig. 1B](#F1){ref-type="fig"}). All PBS control--treated mice succumbed to infection by day 5, after a period of weight loss. Mice treated with mAb-13G8 on day −1/+3 exhibited very little weight loss compared to control mice, and 90% of the mice survived, which was significant (log rank, *P* \< 0.0001). Postexposure treatment of mice on day +1/+4 regimen resulted in 60% survival (log rank, *P* \< 0.0001), and overall, this group had reduced weight loss compared to PBS control--treated mice. Treatment with mAb-13G8 on day +2/+5 conferred modest protection with 20% survival, which was significant (log rank, *P* = 0.0030) over control animals. However, weight loss in this group was not distinct from PBS-treated mice.

We attempted to enhance the postvirus exposure protective efficacy of mAb-13G8 by also treating mice with the neutralizing antibody mAb-11E7 on day +1 and +4. This mAb was included on the basis of previous data, suggesting both pre- and postexposure efficacy ([@R18]). Alone, mAb-11E7 failed to protect mice, and the animals succumbed to infection by day 7 ([Fig. 1C](#F1){ref-type="fig"}). Survival was not statistically distinct from isotype control--treated animals (log rank, *P* = 0.4243). Similar to the results above, 8 of 10 mice (80%) treated with mAb-13G8 alone survived, which was significant (log rank, *P* \< 0.0001), and mice exhibited little weight loss. A combination of mAb-13G8 and mAb-11E7 (0.5 mg of each antibody per dose; 1 mg total per dose) failed to enhance protection over mAb-13G8 alone, and only 3 of 10 mice survived challenge; however, there was a significant delay in MTD (log rank, *P* \> 0.0001) compared to the control group. Mice treated with mAb-13G8 alone had a statistically significant survival advantage compared to the group receiving the combination of antibodies (log rank, *P* = 0.0353). Together, these findings indicated that mAb-13G8 protects adult mice against lethal infection, even when administered after virus exposure. However, our findings indicated that anti-G~C~ neutralizing antibodies (mAb-11E7 and the more potently neutralizing mAb-8A1) do not provide any protective benefit when given before or after virus challenge.

mAb-13G8 blocks virus spread to the liver and spleen and prevents liver pathology
---------------------------------------------------------------------------------

The primary targets of CCHFV pathogenesis and viral replication in mice are the liver and spleen ([@R19], [@R20]). Therefore, we evaluated the histopathological effects of CCHFV in these tissues when mice (*n* = 3 per group) were treated with mAb-13G8 or an isotype control antibody on day −1/+3 ([Fig. 1D](#F1){ref-type="fig"} and table S1). Tissues were examined on day 4, at the peak of disease in this model and 24 hours before mice reaching euthanasia criteria ([@R19], [@R20]). Isotype control--treated mice developed hepatic lesions with inflammation and hepatocellular necrosis with extensive hepatocellular degeneration, and necrosis was present in all animals ([Fig. 1D](#F1){ref-type="fig"}). In addition, periportal oval cell hyperplasia and Kupffer cell hypertrophy in the sinusoids were evident in isotype control--treated, infected animals. Some hepatic vessels also contained fibrin deposits. In marked contrast, livers from mAb-13G8--treated, infected mice had no lesions and were indistinguishable from mAb-13G8--treated, uninfected mice. The spleens of isotype control--treated, infected mice had moderate increases in neutrophils and histiocytes in the splenic red pulp (inflammation), and moderate lymphocytolysis in splenic white pulp were also observed ([Fig. 1D](#F1){ref-type="fig"}). In contrast, splenic lesions were absent in mAb-13G8--treated, infected mice. Hepatic and splenic lesions in CCHFV-infected mice correlated with the presence of CCHFV RNA ([Fig. 1E](#F1){ref-type="fig"}). In the spleen, the in situ hybridization (ISH) signal was most prominent in the red pulp and in the marginal zone of the follicles, suggesting that CCHFV was present within marginal zone macrophages and/or dendritic cells ([Fig. 1E](#F1){ref-type="fig"}). In contrast, we did not detect CCHFV in the liver or spleen of mAb-13G8--treated, infected mice. In addition to viral RNA, we also detected N protein in the liver and spleen by immunohistochemistry (fig. S1). These findings demonstrated that mAb-13G8 prevents damage to and limits viral replication in the liver and spleen when treatment is given on day −1/+3.

GP38 is the target of mAb-13G8
------------------------------

The expression of the CCHFV M segment produces a polyprotein precursor that is proteolytically cleaved into multiple glycoproteins, including G~N~ and G~C~ ([Fig. 2A](#F2){ref-type="fig"}). During this cleavage event, a precursor molecule called pre-G~N~, consisting of the mucin domain, GP38, and G~N~, is also formed ([@R14], [@R15]). The target of mAb-13G8 is not well characterized, and initial studies indicated that it and other antibodies, such as mAb-10E11, bound the pre-G~N~ complex. Neither mAb-13G8 nor mAb-10E11 bound purified G~N~ ectodomain when assayed by enzyme-linked immunosorbent assay (ELISA), suggesting that G~N~ is not likely a target of these antibodies ([Fig. 2B](#F2){ref-type="fig"}). Next, we evaluated whether GP38 was the target of mAb-13G8. To this end, we developed a capture ELISA using mAb-13G8 as a capture antibody and rabbit polyclonal CCHFV anti--M-segment antibody as a detection antibody ([Fig. 2C](#F2){ref-type="fig"}). As bait, we designed a secreted molecule by creating a construct consisting of the GP38-coding region with a tissue plasminogen activator (tPA) secretion signal, termed tPA-GP38^10200^. Secreted tPA-GP38^10200^ in the supernatant of transfected 293T cells was readily detected when mAb-13G8 was used as the capture antibody, but negative control protein was not detected. These interactions were statistically significant \[two-way analysis of variance (ANOVA), *P* \< 0.05\]. GP38 was also not detectable by a negative control capture antibody (mAb-QC03). In another experiment, we developed M-segment variants in which the mucin domain (ΔMuc) or the mucin and GP38 (ΔMucΔGP38) domains were removed. By Western blot, the expression of the G~N~ and G~C~ proteins from the ΔMucΔGP38 construct was similar to that from the wild-type M segment at 48 hours; however, the expression of these glycoproteins from the ΔMuc construct was greatly reduced ([Fig. 2D](#F2){ref-type="fig"}). Because the expression of G~N~ and G~C~ was not disrupted from the ΔMucΔGP38 construct, we used it to verify that mAb-13G8 binds to GP38 expressed from the M-segment precursor glycoprotein. We transfected 293T cells with full-length M segment, the M-segment ΔMucΔGP38, tPA-GP38^10200^, and an irrelevant protein (Junin virus GP1). Supernatants from M segment and tPA-GP38^10200^ transfected cells both interacted with mAb-13G8 ([Fig. 2E](#F2){ref-type="fig"}). However, no interaction occurred with supernatant produced from ΔMucΔGP38 transfected cells or cells expressing the secreted negative control Junin protein. We also produced a tPA-GP38 construct from CCHFV strain Afg09-2990 and termed it tPA-GP38^AF09^. In this assay, mAb-13G8 interacted with tPA-GP38^AF09^, but to a lesser extent, compared to tPA-GP38 from strain IbAr 10200. This was statistically significant at several dilutions (two-way ANOVA, *P* \< 0.05). These data indicated that the target of mAb-13G8 was the GP38 product of the M segment.

![mAb-13G8 interacts with the GP38 molecule.\
(**A**) Simplified schematic depicting CCHFV M-segment glycoprotein processing, cleaved by signal peptidases such as subtilisin kexin isozyme-1/site-1 protease (SKI-1/S1P). (**B**) The indicated mAbs were serially diluted 10-fold (starting at 1:100) and incubated with purified G~N~ ectodomain. H3C8 is an irrelevant murine mAb. Sera from a CCFHV-infected human were used as a positive control along with a negative control human sample. ND, not detected. (**C**) Capture ELISA was developed using mAb-13G8 or a negative control (CNTL) (mAb-QC03) as capture antibody and anti--M-segment polyclonal rabbit antisera as detection antibody. Two-way ANOVA, \*\*\*\**P* \< 0.0001. (**D**) 293T cells were transfected with constructs expressing the indicated proteins and protein expression analyzed by Western blot at 24 and 48 hours. G~N~ was detected using anti-G~N~ 4093 (1:1000), and G~C~ was detected using mAb-11E7 (1:1000). Numbers on the left refer to molecular weight standard (kilodaltons). (**E**) Capture antibody for GP38 presence in the supernatant. For bait, 293T cells were transfected with plasmids expressing full-length strain IbAr 10200 M segment (M-seg), ΔMucΔGP38, tPA-GP38^10200^, or a negative control (NEG CNTL) plasmid. Two-way ANOVA, \*\**P* \< 0.001, \*\*\**P* \< 0.0001.](aaw9535-F2){#F2}

Passive protection by mAb-13G8 against heterologous CCHFV strains is limited
----------------------------------------------------------------------------

GP38 exhibits some amino acid heterogeneity between different strains ([Fig. 3A](#F3){ref-type="fig"}). We examined the cross-protective efficacy of mAb-13G8 against a heterologous challenge using the CCHFV strain Afg09-2990 whose GP38 molecule has 25 amino acid differences compared to strain IbAr 10200 (91.6% homology; fig. S2). Similar to strain IbAr 10200, strain Afg09-2990 is lethal in IFN-I--deficient mice, and the kinetics of infection are identical ([@R19]). Four groups of IFNAR^−/−^ mice (*n* = 13 per group) were treated with 1 mg of mAb-13G8 or an isotype control on day −1/+3. Mice were infected with either strain IbAr 10200 or strain Afg09-2990, and the protection was evaluated in 10 mice per group ([Fig. 3B](#F3){ref-type="fig"}), and 3 mice per group were euthanized for histopathology on day 4. As expected, mAb-13G8 treatment of strain IbAr 10200--infected mice resulted in minimal weight loss and 90% survival, which was significant over isotype control mice, which all succumbed to infection by day 5 (log rank, *P* \< 0.0001). In contrast, protection of mAb-13G8 against strain Afg09-2990--infected mice was diminutive and only resulted in 20% survival. However, this was a significant increase compared to isotype control--treated, Afg09-2990--infected mice (log rank, *P* = 0.0002). Overall mAb-13G8 protected the homologous strain IbAr 10200--infected mice significantly better compared to the heterologous strain Afg09-2990--infected mice (log rank, *P* = 0.0028).

![Heterologous protection of mice by mAb-13G8.\
(**A**) Percent identical and percent divergence of CCHFV GP38 amino acid sequences from the indicated strains were determined using MegAlign Ver. 13.0.0 (DNASTAR software). (**B**) IFNAR^−/−^ (*n* = 10 per group) mice were treated with two doses of the mAb-13G8 or an isotype control antibody on day −1/+3 and challenged subcutaneously with either IbAr 10200 or Afg09-2990. Survival and percent weight change were monitored. Log-rank test, \*\*\*\**P* \< 0.0001, \*\*\**P* = 0.0002. (**C**) ISH staining from the livers and spleens from strain Afg09-2990--infected mice harvested on day 4 (*n* = 3). ISH was conducted as in [Fig. 1E](#F2){ref-type="fig"}. (**D**) Hematoxylin and eosin of the liver and spleen from Afg09-2990--infected mice taken on day 4 (*n* = 3). Top left: Focal area of mild inflammation (black arrow) and occasional Kupffer cell hypertrophy (arrowhead). Middle left: A vessel is occluded by a fibrin thrombus (white arrow) and surrounded by an area of coagulative necrosis (circled). These mice were infected at the same time as those in [Fig. 1](#F2){ref-type="fig"}.](aaw9535-F3){#F3}

We analyzed histopathology and viral load in the livers and spleens of strain Afg09-2990--infected mice (*n* = 3 per group) on day 4 ([Fig. 3](#F3){ref-type="fig"}, figs. S3 to S5, and table S1). We detected some viral mRNA in both livers and spleens in all three Afg09-2990--infected mice; however, staining was much more intense in isotype control--treated mice ([Fig. 3C](#F3){ref-type="fig"} and fig. S3). This suggests that mAb-13G8 was inhibiting viral replication to some extent at this time point. Despite this, the level of viral RNA in strain Afg09-2990--infected mouse livers and spleens was higher overall compared to those infected with strain IbAr 10200, where staining was absent ([Fig. 1E](#F1){ref-type="fig"} and fig. S3). Liver lesions and inflammatory infiltrates in Afg09-2990--infected mice treated with mAb-13G8 were minimal to mild (Fig. 3D). However, in contrast to IbAr 10200--infected mice, in some areas, neutrophils were the predominant inflammatory cell. A single mouse in this group also exhibited rare Kupffer cell hypertrophy. Similar to the livers, splenic lesions were minimal. However, two animals exhibited minimal reactive lymphoid hyperplasia, and one animal had a single focal area of minimal neutrophilic inflammation affecting splenic white pulp. In contrast, all animals in the isotype control group exhibited microscopic hepatic lesions consistent with CCHF disease including moderate-to-severe inflammation, moderate hepatocellular degeneration and necrosis, and mild Kupffer cell hypertrophy. We also observed lymphoid necrosis in two of the three Afg09-2990--infected isotype control mice ([Fig. 3D](#F3){ref-type="fig"}). These data indicated that mAb-13G8 can partially protect mice against heterologous CCHFV strains, but protection is markedly reduced compared to that against homologous virus.

mAb-13G8 requires complement activity for maximal protection
------------------------------------------------------------

nNAb can protect against viral infections through Fc-mediated processes such as antibody-mediated cytotoxicity (ADCC) or complement-mediated functions ([@R22]--[@R24]). We evaluated whether these processes were involved in mAb-13G8--mediated protection using Fc receptor--deficient (FcR^−/−^) and C3-deficient (C3^−/−^) mice as mAb-13G8 is an immunoglobulin G2b (IgG2b) isotype, which can mediate these effector functions. These mice are unable to facilitate FcR function or complement-mediated activity, respectively. CCHFV only causes disease in mice when IFN-I signaling is blocked; however, we recently developed a model system using an antibody (mAb-5A3) to block IFN-I signaling, which allows the exploration of CCHFV in essentially any transgenic model system ([@R19], [@R25]). In this system, kinetics of disease are identical to IFN-I receptor KO mice. For this experiment, we subcutaneously injected mAb-13G8 and isotype control antibodies (1 mg per dose) on days −1 and +3 ([Fig. 4A](#F4){ref-type="fig"}). Mice (*n* = 8 per group) were infected intraperitoneally with CCHFV strain IbAr 10200. On day +1 after infection, we injected mice with mAb-5A3, which disrupted the IFN-I activity. Wild-type and FcR^−/−^ mice were fully protected by mAb-13G8 but not by the isotype control antibody. Protection compared to isotype control--treated FcR^−/−^ mice was significant (log rank, *P* \< 0.0001), as was protection in C57BL/6:129 mice (log rank, *P* = 0.0004). In contrast, mice lacking C3 (which were on a C57BL/6:129 background) were poorly protected from CCHFV infection, and mAb-13G8 only slightly delayed the MTD, with one of eight mice surviving compared to zero of eight in the isotype control antibody group. However, this protection was significant (log rank; *P* = 0.0201). Because FcR^−/−^ mice were on a BALB/c background, we verified the lethality of CCHFV in this mouse strain. BALB/c mice were highly susceptible to CCHFV, with lethality occurring 24 hours before that of C57BL/6 mice, and similar to C57BL/6 mice, lethality required blockade of the IFN-I response (fig. S6). These data support a role for complement activity, but no FcR activity in mAb-13G8 facilitated protection.

![Fc domains play a role in mAb-13G8--mediated protection.\
(**A**) FcR^−/−^, C3^−/−^, or B6;129 (wild-type) mice (*n* = 8 per group) were injected subcutaneously with two doses of the mAb-13G8 day −1/+3 or an isotype control (1 mg per dose). IFN-I was blocked on day +1 using mAb-5A3 (1 mg/ml) injected intraperitoneally. Mice were challenged with 100 PFU of CCHFV IbAr 10200 by the intraperitoneal route. Survival and weight were plotted. Log-rank test, \*\*\*\**P* \< 0.0001, \*\*\**P* = 0.0004, \**P* = 0.0201. (**B**) B6 mice (*n* = 8) were treated with mAb-10E11, mAb-11E7, or isotype control on day −1/+3 (1 mg per dose) and infected as in (A). Log-rank test, \**P* = 0.0433.](aaw9535-F4){#F4}

Murine IgG1 antibodies are unable to efficiently capitalize on Fc-mediated effector functions. To confirm a requirement for Fc domains in complement-mediated protection, we identified an IgG1 subclass antibody that bound GP38 (fig. S7A) and also protected neonatal mice from CCHFV ([@R18]). This antibody, mAb-10E11, also competed with mAb-13G8 for binding (fig. S7B) but with an apparent lower affinity based on *K*~D~ (affinity constant) values (fig. S7C). The ability for this antibody to protect adult mice from lethal infection was evaluated. C57BL/6 mice (*n* = 8 per group) were injected subcutaneously (1 mg per dose) on day −1/+3 with mAb-10E11 (anti-GP38), the neutralizing antibody mAb-11E7 (anti-G~C~) or an isotype control antibody ([Fig. 4B](#F4){ref-type="fig"}). Mice were infected intraperitoneally with CCHFV strain IbAr 10200, and IFN-I activity was blocked on day +1 using mAb-5A3. Neither mAb-11E7, mAb-10E11, nor the control antibody protected animals from weight loss or lethality. All mAb-10E11-- or mAb-11E7--treated mice succumbed to disease by day 6. A single control animal survived challenge, and this was statistically significant compared to mice treated with mAb-10E11 (log rank, *P* = 0.0433). Similar results were produced in IFNAR^−/−^ mice treated with mAb-10E11 and infected with IbAr 10200 (fig. S7D). In that experiment, two mAb-10E11 animals survived versus a single control survivor, but this was not significant (log rank, *P* = 0.113). These results demonstrated that an IgG1 antibody targeting GP38, which competes against mAb-13G8, does not confer protection to infected mice.

GP38 localizes to the viral envelope and plasma membrane
--------------------------------------------------------

We investigated whether GP38 localized to viral envelope and/or the target cell plasma membrane where it could facilitate complement-mediated lysis of viral particles or infected cells. To determine whether GP38 is present in the viral envelope, we stained CCHF virus--like particles (CCHF~VLP~) with mAb-13G8 (anti-GP38) or mAb-11E7 (anti-G~C~) or an irrelevant antibody. We also stained irrelevant VLPs, derived from Venezuelan equine encephalitis virus (VEEV) surface proteins, with the mAb-13G8. Particles were then stained with immunogold-labeled secondary antibodies and were examined using electron microscopy. CCHF~VLP~, but not VEE~VLP~, were positive for both GP38 and G~C~, as indicated by mAb-13G8 and 11E7 staining, respectively ([Fig. 5A](#F5){ref-type="fig"}). This suggested that GP38 can localize to the virus envelope. To evaluate localization of GP38 to cellular plasma membranes, we transfected 293T cells with plasmids encoding the full-length M segment, ΔMucΔGP38, or a negative control and quantitated the surface expression of GP38 and G~C~ by flow cytometry using mAb-13G8 or mAb-11E7 under nonpermeabilized conditions. GP38 was detected in the full-length M segment--expressing cells, but no signal was detected in the ΔMucΔGP38 or negative control cells. G~C~ could be detected in both the full-length M segment and the ΔMucΔGP38-expressing cells, but to a slightly lesser amount in the latter ([Fig. 5B](#F5){ref-type="fig"}). Using confocal microscopy, GP38 could also be detected on the surfaces of VeroE6 cells expressing M segment but not mock-transfected cells or cells expressing ΔMucΔGP38 ([Fig. 5C](#F5){ref-type="fig"}). These data support a conclusion that in addition to being secreted, GP38 can localize to viral and cellular membranes. Despite the presence of GP38 on the VLP surface, mAb-13G8 did not neutralize CCHF~VLP~ in the presence of complement (fig. S8).

![GP38 localization to the viral envelope and plasma membrane.\
(**A**) CCHF~VLP~ or VEE~VLP~ were incubated with the indicated antibodies and then stained with an anti-mouse secondary antibody conjugated to 10-nm gold particles. Samples were then examined by electron microscopy for the presence of GP38 or G~C~. (**B**) 293T cells were transfected with full-length M segment (M-seg), ΔMucΔGP38, or an irrelevant protein (arenavirus glycoprotein precursor, NEG). To detect surface GP38 and G~C~, nonpermeabilized cells were incubated with mAb-13G8 or mAb-11E7, respectively. Cells were then stained with an anti-mouse secondary antibody conjugated with Alexa Fluor 488 and analyzed. Ten thousand cells were counted per sample, and data were plotted with FlowJo software. (**C**) Vero E6 cells were transfected with the indicated plasmids and incubated with MAb-10E11, then stained with an anti-mouse secondary antibody conjugated with Alexa Fluor 488, and analyzed by confocal microscopy.](aaw9535-F5){#F5}

GP38 is a target of anti-CCHFV antibody responses in humans
-----------------------------------------------------------

We evaluated the panel of murine mAbs previously described to bind pre-G~N~ ([@R18]) for their ability to bind GP38 using a 6-His--tagged GP38 molecule based on the IbAr 10200 strain (GP38his). In addition to mAb-10E11 and mAb-13G8, all of the mAbs previously reported to bind pre-G~N~ interacted with GP38his ([Fig. 6A](#F6){ref-type="fig"}). This includes mAb-6C11, previously shown to interact with GP38 ([@R17], [@R26]). Furthermore, DNA vaccination of rabbits and mice with a plasmid encoding the CCHFV IbAr 10200 M segment elicited anti-GP38 antibodies in both species (fig. S9). Because our data indicated GP38 to be a target of humoral immune responses in CCHFV-infected and vaccinated animals, we investigated whether GP38-targeting antibodies were produced in infected humans. We evaluated convalescent human sera from two CCHF survivors of African origin for the presence of antibodies against G~N~, GP38, and N protein by ELISA using purified proteins ([Fig. 6B](#F6){ref-type="fig"}). We found that both CCHFV-infected humans produced antibody response against all three targets, whereas human sera from an unexposed human were negative for these same molecules. These findings indicated that GP38 is a natural immune target of antibody responses in CCHFV-infected humans and vaccinated animals. We next conducted a tandem competition using Octet analysis assay to identify putative epitope-binding groups based on the ability of members of this murine mAb library to compete against each other for GP38 binding ([Fig. 6C](#F6){ref-type="fig"}). We used recombinant GP38 as the antigen and interrogated the antibodies in [Fig. 6A](#F6){ref-type="fig"}, along with two nonspecific control antibodies, mAb-11E7 (anti-CCHFV G~C~) and mAb-H3C8 (Ebola virus glycoprotein). As expected, all antibodies competed efficiently against themselves (permissivity, ≤25), and the nonspecific control mAbs failed to block binding of any of the GP38-targeting mAbs to the GP38 antigen (permissivity, ≥75). With regard to the GP38-targeting mAbs, this binding assay revealed three nonoverlapping antibody competition groups, suggesting that at least three independent epitopes are present on the GP38 molecule (Fig. 6D).

![Characterization of mAb and human convalescent sera interactions with the GP38 molecule.\
(**A**) GP38his was plated in the wells of a 96-well plate (500 ng per well). The indicated mAbs were serially diluted 10-fold (from 1:100) and incubated with purified protein. End point titers were calculated as described in Materials and Methods. Data were plotted as a mean titer for each group. Asterisk indicates that mAb-6B12 was run in a separate assay. The dashed line indicates the limit of detection. (**B**) Sera from CCHF human survivors or a negative control sample were serially diluted in a purified GP38, G~N~, or N protein ELISA. The dashed line indicates the limit of detection. (**C**) Epitope grouping of GP38-reactive mAbs based on competitive ability. Antibodies are grouped on the basis of binding permissivity relative to their competing partner. Colors represent the degree of permissivity, with green denoting low competition (≥76), yellow weak competition (51 to 75), orange intermediate competition (26 to 51), and red high competition (≤25). (**D**) Schematic depicting putative GP38 antibody competition groups using antibody from (A).](aaw9535-F6){#F6}

DISCUSSION
==========

Immunotherapeutics are effective treatment options against human viral infections, including orthopoxviruses ([@R27]), rabies virus ([@R28]), Ebola virus ([@R29]), and Junin virus ([@R9]). Historically, these products were composed of hyperimmune serum from survivors (or vaccinated individuals), but more recently, there is a greater interest in the use of mAbs or in polyclonal products generated in transgenic animals that express human antibody. Crude antibody--based therapeutics have been developed and used against CCHFV since it first emerged in the 1940s ([@R10]--[@R12]). An inherent problem, however, was the fact that these products were poorly characterized, had undefined potency, and carry a questionable safety profile due to their derivation from human blood products. Limited human data suggest that antibody-based therapeutics against CCHFV are effective ([@R10]) but their use as a treatment option against CCHFV has never been fully explored. This is, in part, due to the historic lack of adult animal models (mice and nonhuman primates) to study CCHF disease and medical countermeasure (MCM) efficacy, which has only recently been rectified ([@R20], [@R21], [@R30]). In addition, Dowall *et al.* ([@R31]) demonstrated in adult mice that passive transfer of antibodies from mice vaccinated with a CCHFV modified vaccinia Ankara--based vaccine failed to protect naïve adult animals, despite neutralizing antibody activity. These data suggested that not antibody, but rather other factors such as T cells were critical for protection in adult mice. Until our current study, the only animal model showing that antibodies could protect against CCHFV involved neonatal mice ([@R18]). That study tested the efficacy of a panel of murine mAbs targeting pre-G~N~ and G~C~. They found that antibodies against both pre-G~N~ and G~C~ protected 2- to 3-day-old mice, suggesting that both neutralizing (G~C~-targeting) and G~N~-targeting antibodies have protective efficacy. Using several of the more protective antibodies identified in this panel, we demonstrate here that most fail to provide protection against lethal CCHFV infection in adult mice. In two adult mouse models, no neutralizing antibody, regardless of IgG subclass, provided even a minor amount of protection (delayed MTD, limited weight loss); thus, neonatal mice do not predict protective efficacy in adult animals. We identified only a single antibody, mAb-13G8, which was highly protective in adult mice. These results suggest that CCHFV immunotherapeutics may successfully treat CCHFV infection and illuminate the importance of nNAbs as potentially the most effective.

Before our study, the target of mAb-13G8 was identified as pre-G~N~, a region of the unprocessed precursor glycoprotein encoded by the M segment encompassing multiple domains including the mucin-like domain, GP160, GP85, GP38, and G~N~ ([Fig. 2A](#F2){ref-type="fig"}) ([@R15]). Our data suggest that the protective target of mAb-13G8 is GP38. On the basis of the understanding that GP38 was a secreted molecule ([@R15], [@R17]), we anticipated that protective efficacy would not require complement and/or FcR function, and mAb-13G8 was blocking an unknown deleterious function(s) of a secreted viral protein. Unexpectedly, complete protection required functional complement activity. Murine IgG1 antibodies poorly facilitate Fc-mediated effector functions. Our finding that complement was involved in anti-GP38 antibody--mediated protection was supported by the inability of an anti-GP38 IgG1 subclass of antibody, mAb-10E11, to protect mice from lethal infection. In neonatal mice, mAb-10E11, similar to mAb-13G8, was extremely protective, and we found that it binds an epitope overlapping with that of mAb-13G8. A caveat to this finding, however, is the fact that retrospectively, neonatal mice failed to predict protection in adult mice and mAb-10E11 does not bind GP38 with as high an affinity as mAb-13G8. Nevertheless, the prospect that complement is required for protection was supported by our previously unknown finding that GP38 not only is secreted but also becomes localized to the viral envelope and cellular plasma membranes. Furthermore, the fact that mAb-13G8 inhibited spread of CCHFV to the liver after subcutaneous infection also supports a model, whereby virus or virally infected cells are actively targeted for clearance. If mAb-13G8 only blocked the function of a secreted viral protein, then one would suspect that virus would traffic to a key tissue targets (i.e., liver), but virulence would be limited because of blockade of GP38 function. Our study has identified a novel mechanism(s) of CCHFV inhibition, and more work will be needed to fully characterize the mechanism of protection of anti-GP38 immunotherapeutics.

Protective nNAbs have been reported for diverse groups of viruses including alphaviruses, HIV, and flaviviruses ([@R23], [@R24], [@R32]). Passive protection elicited by the nNAbs often involves Fc functionality, and several studies suggest that complement-dependent cytotoxicity and/or ADCC play predominant roles ([@R22]). The nNAbs against flaviviruses target the nonstructural protein 1 (NS1) and protect through Fc-dependent and Fc-independent mechanism(s) ([@R32]). The NS1 molecule has some similarity to CCHFV GP38, as it is a secreted viral toxin that plays a role in influencing immune responses by activating Toll-like receptor 4, disrupting endothelial barrier function and manipulating complement ([@R33]). However, NS1 is also localized to plasma membranes in target cells where its role is poorly characterized ([@R33]). The fact that GP38 is a secreted molecule that can localize to both the viral envelope and the plasma membrane and serve as a target of protective antibodies warrants a comprehensive analysis of the multifaceted functions of this protein.

CCHFV is genetically diverse, likely a result of the vast geographical regions where the virus circulates, which includes Africa, Asia, and Europe ([@R2]). This genetic diversity affects virulence, and strains from different regions have widely varying degrees of lethality in humans. Because of this genetic diversity, CCHFV is divided into several lineages (or clades) based on M- and S-segment divergence ([@R2]). These differences can affect antigenicity of glycoproteins, including the interaction of neutralizing antibodies ([@R34]). GP38 similarly exhibits high diversity among lineages ([Fig. 3A](#F3){ref-type="fig"}), and this appears to affect the cross-reactivity of mAb-13G8 (originally produced against strain IbAr 10200) against GP38-derived from Afg09-2990. ([Fig. 2E](#F2){ref-type="fig"}). Therefore, it is not unexpected that the protective efficacy of mAb-13G8 against the heterologous strain Afg09-2990 was weaker compared to that against the homologous strain IbAr 10200. This highlights a general weakness in mAb therapy against viruses that inherently have high degrees of genetic diversity. Certainly, the development of more broadly targeting antibodies against GP38 will be needed to make this a viable therapeutic antiviral approach. As we have identified several other GP38-targeting murine antibodies, it will be of interest to determine what their protective profiles are both against IbAr 10200 and heterologous strains. Moreover, we identified three nonoverlapping regions on GP38 involved in antibody binding ([Fig. 6D](#F6){ref-type="fig"}); however, we investigated the protective efficacy for only one region that was targeted by both the protective antibody mAb-13G8 and the nonprotective antibody mAb-10E11. Accordingly, it will be important to determine whether the other GP38 antibody binding regions are targets of protective antibodies and the extent to which they can provide cross-strain protection. For GP38 to be a viable target against CCHFV, a focus on cross-protection will need to be a priority. Once more broadly cross-protective antibodies are identified, protective efficacy could be evaluated in the recently developed nonhuman primate model, which currently uses the Kosova Hoti strain ([@R30]). These studies would help bridge protective efficacy in animal models with human disease.

The pre-G~N~ mAbs were reported by Bertolotti-Ciarlet *et al.* (*18*); in our study all of these antibodies bound GP38 in multiple assays, and none of the antibodies bound to G~N~. As G~N~-specific antibodies are elicited upon infection and vaccination, a future study should include identification of G~N~-specific mAbs to determine whether they are protective. We show that GP38 is also targeted in mice and rabbits vaccinated with plasmids expressing the full-length M segment. In addition, human sera taken from a small cohort (*n* = 2) of CCHF survivors were both positive for GP38, in addition to G~N~ and N protein. Thus, GP38 appears to be a common target of humoral immune responses against CCHFV. Poor IgG responses are nearly universal in fatal cases of CCHF human disease. It would be interesting to determine whether early anti-GP38 responses correlate with decreased disease severity. Conversely, GP38 levels could possibly be predictive of increased disease severity and could therefore serve as a diagnostic marker. This would be similar to NS1, which serves as a diagnostic marker for disease caused by various flaviviruses, including Japanese encephalitis virus, dengue virus, and West Nile virus ([@R35]). Our work led to the development of several tools that will be helpful in determining these questions, including multiple reactive antibodies and purified GP38.

G~C~-targeting antibodies effectively neutralize CCHFV in cell culture, with 80% plaque-reducing neutralizing titers of 2560 (mAb-11E7) and \>5120 (mAb-8A1) ([@R18], [@R34]). However, our findings indicated that neutralizing activity does not afford protection in two mouse models when antibodies (mAb-11E7 or mAb-8A1) are administered either before or after challenge ([Figs. 1](#F1){ref-type="fig"}, A and C, and [4B](#F4){ref-type="fig"} and fig. S7D). In a recent work, we found that an M-segment DNA vaccine produced neutralizing antibodies but the neutralizing antibody titers did not predict survival and did not correlate with protection ([@R25]). So, why do neutralizing antibodies fail to protect against CCHFV? The lack of protective efficacy of neutralizing antibodies would support a model whereby dissemination of CCHFV in mice is not predominantly facilitated by free virus. This would suggest that virus may spread within targeted cells, such as neutrophils, dendritic cells, and/or macrophages. Alternatively, some viruses can cloak themselves in exosomes and avoid immune detection ([@R35], [@R36]). Perhaps CCHFV infection of certain cells in vivo leads to the release of virus in a protected form that is not recapitulated in contrived in vitro virus neutralizing assays that use immortalized cell lines. The failure of species-specific neutralizing antibody to block viral infection in vivo presents an interesting aspect to CCHFV biology that will require more exploration.

CCHFV not only is endemic in Africa, Asia, and Europe but also is emerging into new areas with the expansion of its vector, the *Hyalomma* ssp. tick ([@R2]). Most recently autochthonous CCHFV infections were reported in Spain 6 years after CCHFV-positive ticks were identified in Southwestern Europe ([@R37]). These human infections included the index fatal case that resulted in fulminate hepatic failure and spread of the virus to a medical caregiver ([@R5]). This highlights the need for MCMs that can either prevent CCHFV infection or attenuate disease severity after exposure. Because antibody provides instant immunity, it is an attractive therapeutic option for limiting or preventing viral disease severity in a postexposure setting. For example, treatment of humans infected with Junin virus is successful even up to 8 days after symptoms appear, provided that the supply of convalescent human plasma is of sufficient potency as defined by neutralizing antibody titers ([@R9]). Our work demonstrates that antibody may be a viable MCM strategy against CCHFV and warrants the further development of antibody-based products targeting GP38.

MATERIALS AND METHODS
=====================

Ethics statement
----------------

All animal studies were conducted in compliance with the Animal Welfare Act and other federal statutes and regulations relating to animals and experiments involving animals and adheres to principles state in the Guide for the Care and Use of Laboratory Animals, National Research Council ([@R38]). All animal experimental protocols were approved by a standing internal Institutional Animal Care and Use Committee. The facilities where this research was conducted are fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. Animals meeting criteria were humanely euthanized.

All data and human participants research were previously de-identified and given a "research not involving human participants" determination by the U.S. Army Medical Research Institute of Infectious Diseases (USAMRIID) Office of Human Use and Ethics log number FY18-28.

Viruses and cells
-----------------

Huh7 and SW13 cells were propagated in Dulbecco's modified Eagle's medium with Earle's salts (Corning), both medias were supplemented with 10% fetal bovine serum (FBS; Gibco), 1% penicillin/streptomycin (Gibco), 1% sodium pyruvate (Sigma-Aldrich), 1% [l]{.smallcaps}-glutamine (HyClone), and 1% Hepes (Gibco). Minimally passaged CCHFV strain Afg09-2990 ([@R39]) or strain IbAr 10200 (USAMRIID collection) were used for all experiments, as indicated. Strain Afg09-2990 was previously passaged three times in Vero cells and then propagated at USAMRIID two times in Huh7 cells. Strain IbAr 10200 was passaged, as previously described ([@R25]). The viruses were collected from clarified cell culture supernatants and stored at −80°C. All CCHFV work was handled in biosafety level 4 (BSL-4) containment at USAMRIID.

Anti-CCHFV and isotype antibodies
---------------------------------

Anti-CCHFV murine mAbs are part of the USAMRIID hybridoma collection and have been described elsewhere ([@R18]). Antibody for murine challenges was purified in-house using the USAMRIID hybridoma facility. Murine isotype control antibodies for IgG2b and IgG1 were purchased from Bio X Cell. IgG2a isotype antibodies were purified in-house from a mAb-QC03 (Junin GP1) murine hybridoma.

Mice
----

C57BL/6, IFNAR^--/--^ mice (B6.129S2-Ifnar1tm1Agt/Mmjax), C57BL/6;129 mice, and C3^--/--^ mice (B6;129S4-C3tm1Crr/J) were obtained from the Jackson Laboratory. FcR^--/--^ mice \[C.129P2(B6)-Fcer1g^tm1Rav^ N12\] were obtained from Taconic. Mice were all female and 6 to 15 weeks in age at the time of challenge.

Passive protection experiments
------------------------------

Mice were challenged with 100 PFU of CCHFV strain IbAr 10200 or Afg09-2990 by the subcutaneous (IFNAR^−/−^) or intraperitoneal (all other mice) route, as indicated. Virus was diluted in a total volume of 0.2 ml of PBS (Gibco). All mice except IFNAR^−/−^ were intraperitoneally injected with 2.5 mg of anti-IFNAR 1 (mAb-5A3; Leinco Technologies Inc.) diluted in PBS 24 hours after infection in a total volume of 0.4 ml. For antibody injections, as indicated, mice were injected subcutaneously or intraperitoneally with 1 mg per antibody per dose in a total volume of 0.2 ml diluted in PBS.

Histology
---------

Necropsy was performed on the liver and spleen. Tissues were immersed in 10% neutral-buffered formalin for 30 days. Tissue were then trimmed and processed according to standard protocols ([@R40]). Histology sections were cut at 5 to 6 μm on a rotary microtome, mounted onto glass slides, and stained with hematoxylin and eosin. Examination of the tissue was performed by a board-certified veterinary pathologist.

In situ hybridization
---------------------

CCHFV was detected in infected liver samples by ISH probes targeting IbAr 10200 or Afg09-2990 M segment of CCHFV, as previously reported ([@R19]). Formalin-fixed, paraffin-embedded liver sections were deparaffinized and peroxidase-blocked.

Confocal microscopy
-------------------

Vero E6 cell monolayers were transfected in a 96-well Corning cyclic olefin copolymer polymer plate with the indicated plasmids using FuGENE 6. Transfected cells were incubated for 72 hours in a 37°C incubator with 5% CO~2~. Cells were rinsed with PBS and fixed in 3.7% formalin for 10 min at room temperature. Fixed wells were subsequently rinsed with PBS and blocked with 7.5% bovine serum albumin (Sigma-Aldrich) in PBS (blocking buffer) overnight at 4°C. Samples were then incubated with mAb-10E11 (5 μg/μl) diluted 1:200 in blocking buffer overnight at 4°C and then rinsed three times with PBS. Following primary antibody incubation, PBS-washed sections were incubated with Alexa Fluor 488--conjugated goat anti-mouse IgG antibody (Invitrogen) diluted (1:1000) in blocking buffer for 1 hour at room temperature. Samples were then incubated with 4′,6-diamidino-2-phenylindole--PBS for 10 min at room temperature, rinsed in PBS, and imaged.

Microscopy
----------

Images were acquired using a Zeiss LSM 700, Zeiss LSM 880 confocal system, or Olympus BX46. Images were processed using Zeiss Zen confocal software, CellSens software, or ImageJ software.

Cloning
-------

All GP38 constructs were produced through de novo synthesis (GENEWIZ, Germantown, MD). tPA-GP38 strain IbAr 10200 (NC_005300) or strain Afg09-2990 (HM452306.1) was produced by the addition of the tPA secretion signal (MDAMKRGLCCVLLLCGAVFVSPS). Genes were cloned into the NotI and BglII sites of the pWRG7077 vector and verified by sequence analysis. For the histidine-tagged version of tPA-GP38 from strain IbAr 10200, six histidine residues were added to the C-terminal domain of the protein by de novo synthesis and cloned into the HindIII and XhoI site of pBFksr-HCacc-MCS, which contains a cytomegalovirus promotor (Biofactora).

The codon-optimized full-length M segment used was previously reported ([@R25]). The modified M segments lacking the mucin and/or GP38 regions were produced by polymerase chain reaction (PCR). ΔMUC was produced using the forward primer 5′-GATCTCCATCTTCAGGTTGTGGCTGCCGTGGGTCTC-3′ and reverse primer 3′-GAGACCCACGGCAGCCACAACCTGAAGATGGAGATC-5′, which removed the mucin-coding region in nucleotide regions 120 to 729. ΔMUCΔGP38 was produced using the forward primer 5′-ATCGCTGGGCTCCTCGCTGTGGCTGCCGTGGGTCTC-3′ and reverse primer 3′-GAGACCCACGGCAGCCACAGCGAGGAGCCCAGCGAT-5′, which removed nucleotide regions 120 to 1545. Both ΔMUC and ΔMUCΔGP38 constructs retained the signal sequences 1 to 117. All PCR reactions were performed using the Phusion polymerase (Invitrogen). Following PCR, fragments were digested with NotI and BglII and ligated into the pWRG7077 vector. Sequence analysis was used to verify that the changes had been successfully incorporated into the gene.

GP38 purification
-----------------

Production of recombinant IbAr 10200 GP38his was accomplished by transient transfection of HEK293Ts (American Type Culture Collection) with the tPA-GP38his plasmid using FuGENE 6 according to the manufacturer's instructions. Supernatants were collected 48 and 72 hours after transfection (with media replacement after 48 hours). Supernatants were clarified and mixed with protease inhibitors. Supernatants were then run over a Ni2+ HisTrap FF column (GE Healthcare) using an ÄKTA high-performance liquid chromatography system. The column was then washed with five-column volumes of binding buffer \[500 mM NaCl, 10 mM imidazole, and 20 mM sodium phosphate (pH 7.4)\]. Subsequently, captured GP38his was eluted off using elution buffer (binding buffer with addition of 500 mM imidazole). Fractions with the highest absorbance (at 280 nm) were then pooled and concentrated through a Centriprep 10-kDa filter device (Millipore). Final product protein concentration was determined by BCA protein assay (Thermo Fisher Scientific).

Flow cytometry
--------------

293T cell monolayers were transfected in T25 flasks with the indicated plasmids using FuGENE 6 (Promega). Transfected cells were incubated for 72 hours in a 37°C incubator with 5% CO~2~. Cells were detached with gentle tapping, were pelleted by centrifugation at 750*g*, and resuspended in 200 μl of fluorescence-activated cell sorting (FACS) buffer (PBS and 5% FBS). Cells were incubated (1:100 dilution) with mAbs and incubated for 1 hour at room temperature. Cells were then pelleted by centrifugation at 750*g* and washed three times with FACS buffer. Cells were then incubated with goat anti-mouse Alexa Fluor 488--conjugated secondary antibody (1:500; Invitrogen) for 30 min at room temperature, washed three times, and resuspended in 1 ml of FACS buffer. Flow cytometry was performed on a FACSCalibur flow cytometer (Becton Dickinson). Data were collected and analyzed using FlowJo software (Tree Star Inc., Ashland, OR). A total of 10,000 cells were analyzed for each sample using a live gate.

GP38 capture ELISA
------------------

mAb-13G8 or mAb-QC03 (2.5 μg/ml) were diluted in 0.1 M carbonate buffer (pH 9.6), plated on a high-binding 96-well plate (Corning, Corning, NY) and incubated overnight at 4°C. Plates were blocked for 2 hours in blocking buffer \[PBS with 0.05% Tween 20 (PBST) containing 3% milk/3% goat sera\] at 37°C. Plates were washed four times in PBST and incubated with supernatant from transfected 293T cells at the indicated dilution in blocking buffer for 2 hours at 37°C. Plates were washed four times in PBST and incubated with an anti--M-segment antisera from DNA-vaccinated rabbits (diluted 1:1200) in blocking buffer and incubated at 37°C for 1 hour. Plates were washed four times in PBST and incubated with anti-rabbit IgG conjugated to horseradish peroxidase (1:1000; KPL) for 1 hour at 37°C. Plates were washed again four times in PBST, and 100 μl of SureBlue Reserve TMB microwell peroxidase 1-component (KPL) was added to each well. Reactions were stopped by adding 100 μl of TMB stop solution (KPL). The optical density (OD) at 450 nm was read on a Tecan microplate reader (Tecan Group Ltd.).

GP38his ELISA
-------------

GP38his was diluted in 0.1 M carbonate buffer (pH 9.6) and plated in duplicate in the wells of a high-binding 96-well plate (Corning). Plates were blocked for 1 hour with PBST and 5% milk. Murine mAbs (ascites fluid) were serially diluted 10-fold (starting from 1:100) in PBST containing 5% milk. Murine mAb dilutions were incubated with GP38his 1 hour at 37°C. Plates were washed four times in PBST and incubated with an anti-mouse IgG conjugated to horseradish peroxidase (1:1000; Sigma-Aldrich) for 1 hour at 37°C. Plates were washed again four times in PBST, and 100 μl of 2,2′-azinobis-3-ethylbenzthiazoline-6-sulfonic acid (ABTS) substrate (KPL) was added to each well. Reactions were stopped by adding 100 μl of ABTS stop solution of 5% (w/v) SDS. The OD at 405 nm was read on a Tecan microplate reader. End point titers were determined as the highest dilution with an absorbance value greater than the mean absorbance value from negative control antibodies (mouse ELISA, mAb-11E7, and anti-Junin virus GP1 mAb-QC03; or human ELISA and convalescent sera from an Ebola survivor) plus 3 SDs. Mean titers were plotted using GraphPad Prism 7 software.

For analysis of human sera, high-binding 96-well plates were coated with 500 ng per well of recombinant GP38, recombinant G~N~ (Native Antigen), or recombinant N protein (Native Antigen) O/N, as described. The following morning, plates were blocked with Neptune blocking buffer (ImmunoChemistry Technologies) for 2 hours at 37°C. Plates were then washed and probed with half-log dilutions (starting at 1:50) of sera from convalescent human survivors of CCHF in Neptune blocking buffer for 1 hour at 37°C. After washing, anti-human IgG conjugated to horseradish peroxidase (1:1000; Sigma-Aldrich) was added for 1 hour at 37°C. Following a final wash, plates were treated with TMB substrate (SeraCare) at room temperature, and reactions were arrested using TMB stop solution. The OD at 450 nm was read on a Tecan ELISA plate reader, and mean titers were determined as stated above.

DNA vaccination
---------------

Anti--M-segment rabbit sera were produced by DNA vaccination of rabbits using a disposable syringe jet injection device (PharmaJet), as previously described ([@R41]). Rabbits were vaccinated with the full-length M segment (pWRG7077/CCHFV--M segment~opt~ IbAr 10200) at a concentration of 1 mg per dose of plasmid diluted in PBS in a total volume of 0.5 ml per injection. Rabbits were vaccinated three times at 3-week intervals. Four weeks after the final vaccination, sera were collected.

Western blot
------------

293T cells were transfected with plasmids encoding the IbAr 10200 M segment or ΔMUCΔGP38-M using FuGENE HD (Promega). Transfected 293T cells incubated at 37°C for 24 or 48 hours, after which cells were collected by low-speed centrifugation and lysed in tris lysis buffer \[10 mM tris (pH 7.5), 2.5 mM MgCl~2~, 100 NaCl, 0.5% Triton X-100, leupeptin (5 μg/μl; Sigma-Aldrich), and 1 mM phenylmethylsulfonyl fluoride\]. Twenty microliters of sample were mixed with 4× protein sample buffer \[0.125 M tris (pH 8.0), 1% SDS, 0.01% bromophenol blue, and 10% sucrose\] with the addition 10× reducing buffer. Protein samples then were analyzed by 10% SDS--polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories). PVDF membranes were blocked for 2 hours in PBS \[10 mM tris (pH 8.0), 150 mM NaCl, and 0.05% Tween 20\] containing 5% nonfat dry milk, rinsed with PBST, and incubated with rabbit polyclonal anti-G~N~ antibody ([@R25]) (1:1000), and G~C~ was detected using mAb-11E7 (1:1000). Membranes were subsequently washed with PBST and incubated for 1 hour with horseradish peroxidase--conjugated anti-rabbit (anti-G~N~; 1:5000 in PBST) or anti-mouse (mAb-11E7) (1:10000 in PBST; Amersham). Bound antibody was detected by treating the PVDF with SuperSignal West Femto chemiluminescent substrate detection reagents (Pierce) and photographed on a G-box (Syngene).

VLP production
--------------

CCHF~VLP~ and VEE~VLP~ were produced as previously described ([@R25], [@R42]).

Immunogold staining and electron microscopy of VLPs
---------------------------------------------------

Five microliters of CCHF~VLP~ or VEE~VLP~ were applied to formvar-coated 200-mesh nickel grids and incubated for 15 to 20 min. VLP grids were blocked with 4% normal goat serum for 5 min and then wicked dry. Samples were then incubated for 20 to 30 min with either mAb-13G8 (1:500), mAb-11E7 (1:1000), or a negative control antibody H3C8 (1:1000). A control with buffer solution (without primary antibody) was prepared in parallel. Samples were rinsed with buffer for 5 min. Secondary antibody (10-nm gold; goat anti-mouse; 1:25) was added to all samples, incubated for 15 min, washed for 5 min with buffer, then fixed with 1% glutaraldehyde for 1 min, and rinsed in Milli-Q water. Samples were negative stained for 1 min with 1% uranyl acetate and subsequently imaged on a Jeol 1011 transmission electron microscope at various magnifications.

Antibody competition
--------------------

Tandem competition assays were used for binning mAbs to CCHFV GP38 recombinant protein. Nickel-charged tris-nitrilotriacetic acid (Pall ForteBio part number 18-5101) sensors were loaded with rGP38his recombinant protein, equilibrated for 10 min in water, then 10 mM nickel chloride for 60 s, and washed for 60 s in PBS. Sensors were then loaded with rGP38his recombinant protein (10 μg/ml) by 5-min incubation in 1× kinetics buffer (Pall ForteBio). Baseline readings were determined by equilibrating sensors for 60 s in 1× kinetics buffer. Purified mAbs against GP38 were diluted with 1× kinetics buffer to a concentration of 100 nM. Two null antibodies (EBOV-H3C8 and CCHFV-11E7) were also diluted and tested. One column of the Octet sample plate was used for seven mAbs, and each assay included a no-antibody control well. The eight sensors were incubated in the saturating antibody wells for 5 min before moving the sensors to a baseline well for 60 s in 1× kinetics buffer. The sensors were regenerated by incubating them in solution of 10 mM glycine with a pH of 2.0 for 10 s, followed by 10 s in PBS (pH 7.4). This regeneration cycle was performed three times before moving the sensors to a 1-min PBS wash. After washing, sensors were recharged with a 1-min incubation in a 10 mM nickel chloride solution. The sensors were then stored in water before using in additional assays. The data from the sensors were analyzed using the binning function of the Octet analysis software and competition groups assigned.

Statistical analysis
--------------------

Weight loss was determined using one-way or two-way ANOVA with the Bonferroni correction. Survival statistics used the log-rank test. Significance levels were set at a *P* value less than 0.05. All analyses were performed using GraphPad Prism 7 software.
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Fig. S1. Representative immunohistochemistry stain for CCHFV N protein in livers and spleens of mice.

Fig. S2. GP38 amino acid differences between CCHFV strains IbAr 10200 and Afg09-2990.

Fig. S3. Combined ISH analysis of CCHFV strain IbAr 10200-- and Afg09-2990--infected mice treated with mAb-13G8.

Fig. S4. Combined hematoxylin and eosin liver analysis of CCHFV strain IbAr 10200-- and Afg09-2990--infected mice treated with mAb-13G8.

Fig. S5. Combined hematoxylin and eosin spleen analysis of CCHFV strain IbAr 10200-- and Afg09-2990--infected mice treated with mAb-13G8.

Fig. S6. CCHFV lethality in IFN-I--blocked BALB/c and C57BL/6 mice.

Fig. S7. 10E11 binds GP38 but does not protect against lethal disease in IFNAR^−/−^ mice.

Fig. S8. CCHF~VLP~ neutralization by select mAbs with and without complement.

Fig. S9. GP38 binding of mouse and rabbit sera.

Table S1. Histopathology summary.
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